All relevant data are within the paper and its Supporting Information files.

Introduction {#sec005}
============

The environmental information available to our senses is incomplete and to varying degrees ambiguous. Our perceptual system needs to disambiguate and interpret this information in order to construct fast solutions to all types of sensory input of whatever quality (the "visual inference problem", \[[@pone.0189197.ref001]\]). Perception has thus been widely discussed as a weighting of sensory (bottom-up) information with memorized (top-down) concepts in terms of Bayesian probability estimation (e.g., \[[@pone.0189197.ref002]\]). The relative contributions of bottom-up and top-down factors during the perceptual process strongly depend on the quality of the sensory information, the relation between observed objects and their context, and the availability of memorized concepts that fit to the sensory input.

Patients with autism spectrum disorder (ASD) show patterns of altered visual processing (e.g., \[[@pone.0189197.ref003]\]). Their perception is described as being generally dominated by bottom-up sensory information, whereas top-down contribution seems to be underweighted. In particular, ASD patients are often oversensitive to loud noises or bright colours. Their perceptual interpretations are dominated by small sensory details, whereas they have difficulties to integrate spatial context \[[@pone.0189197.ref004]\] and prior perceptual experiences (e.g. \[[@pone.0189197.ref005],[@pone.0189197.ref006]\]). Further, ASD observers are less susceptible to optical illusions (e.g., \[[@pone.0189197.ref007],[@pone.0189197.ref008]\]). Perceptual abnormalities also belong to the core features of ASD and have been included into the diagnostic criteria of DSM-5 ([www.dsm5.org](http://www.dsm5.org)*)*.

Ambiguous figures like the famous Necker cube ([Fig 1](#pone.0189197.g001){ref-type="fig"}, left, depicts the "Necker lattice", a combination of 9 Necker cubes, \[[@pone.0189197.ref009],[@pone.0189197.ref010]\]) are paradigmatic in this context. Their sensory information allows for two or more equally probable but mutually exclusive interpretations and our perception reverses spontaneously between them. Psychophysical studies on ambiguous figures typically analyse reversal rates, dwell times and dwell time distributions (e.g., \[[@pone.0189197.ref011]--[@pone.0189197.ref014]\]). Reversal rates are the number of perceptual reversals per time unit. Dwell times are the transient periods of stable percepts between two reversals and mean dwell times are inversely related to the reversal rates.

![Lattice stimuli.\
The ambiguous Necker lattice (left), a combination of nine Necker cubes, together with disambiguated lattice variants with depth cues (middle lattice = from-above-perspective "fap"; right lattice = from-below-perspective "fbp"), representing the two most probable 3D lattice interpretations \[[@pone.0189197.ref009],[@pone.0189197.ref010]\].](pone.0189197.g001){#pone.0189197.g001}

In the present study we used the ambiguous Necker lattice as stimulus ([Fig 1](#pone.0189197.g001){ref-type="fig"}, left). The Necker lattice is a combination of 9 Necker cubes and has been extensively used in previous experiments from our group (e.g., \[[@pone.0189197.ref015]\]). The physical information of the lattice provides equal evidence for two interpretations, the from-above-perspective (fap, [Fig 1](#pone.0189197.g001){ref-type="fig"}, middle) and the from-below-perspective (fbp, [Fig 1](#pone.0189197.g001){ref-type="fig"}, right), however, observers' perception seems to be a priori biased in favour of a from-above-perspective (e.g., \[[@pone.0189197.ref016]--[@pone.0189197.ref021]\]). This finding may reflect a kind of everyday-statistics: We typically look much more often down than up on objects. The perceptual bias is reflected in overall longer dwell times for the biased fap compared to the non-biased fbp interpretation of the Necker cube, resulting in different distributions of the respective dwell times (e.g., \[[@pone.0189197.ref014],[@pone.0189197.ref017]\]).

Multistable perception in ASD patients {#sec006}
--------------------------------------

Only a small number of studies exist about multistable perception in ASD patients. Some studies indicate longer dwell times and thus less reversals in ASD patients (both children and adults) compared to healthy controls during observation of ambiguous figures \[[@pone.0189197.ref022]\] and of binocular rivalry stimuli \[[@pone.0189197.ref023]--[@pone.0189197.ref025]\], i.e. when different images are presented to the two eyes and perception alternates spontaneously between the two images (e.g., \[[@pone.0189197.ref026],[@pone.0189197.ref027]\]). Other studies found no differences in the reversal dynamics between groups \[[@pone.0189197.ref028],[@pone.0189197.ref029]\]. Further, contextual biasing information did not influence adolescents with ASD when they copied ambiguous drawings, whereas a matched control group showed such influence \[[@pone.0189197.ref004]\]. Finally, there is conflicting evidence whether perceptual dynamics of ambiguous figures and binocular rivalry stimuli correlate with autistic behavioural traits \[[@pone.0189197.ref025],[@pone.0189197.ref030]\] or not \[[@pone.0189197.ref028]\].

The few studies on multistable perception in ASD patients typically used a limited observation time of about one or two minutes \[[@pone.0189197.ref023],[@pone.0189197.ref024],[@pone.0189197.ref030]\] and some of them asked actively for perceptual states during this observation time \[[@pone.0189197.ref022],[@pone.0189197.ref030]\]. No study compared distributions of dwell times or variables reflecting the perceptual bias.

In the present study we focused on the perceptual dynamics of patients suffering from Asperger type of autism and a group of matched controls during observation of an ambiguous Necker lattice stimulus \[[@pone.0189197.ref009],[@pone.0189197.ref010]\]. The novel approach of the current study is three-fold:

1.  Longer presentation durations

    Early studies on the reversal dynamics indicate the existence of a setting phase, which can last up to 3 minutes and during which the reversal rate increases (e.g., \[[@pone.0189197.ref031]--[@pone.0189197.ref033]\]). We thus presented our ambiguous lattice stimuli for 5 minutes in order to get a more reliable estimate of reversal rates and at the same time more data points to estimate dwell time distributions. Based on results from the earlier studies cited above, we predicted clear evidence for overall less reversals and thus longer dwell times in ASD patients compared to the matched controls.

2.  Analysis of dwell time distributions

    One possible explanation for the fap-bias during perception of the Necker stimulus is that people more often adopt from-above-perspectives (fap) than from-below perspectives (fbp) in their every-day lives. This *a priori* perceptual bias can thus be interpreted as strong influence of top-down long-term perceptual memory during the disambiguation of the ambiguous sensory information. It can be quantified by the comparison of the dwell time distributions related to the two perceptual interpretations. Because in Asperger observers the balance between bottom-up sensory information and top-down concepts from memory during perception is described as being shifted towards bottom-up overweighting, we expect a reduced perceptual bias in the Asperger participants compared to healthy controls.

3.  Several studies indicate a relation between age and reversal dynamics, which may be due to a change of the weighting between bottom-up and top-down factors over lifetime. Autistic patients show an age-independent preference for small sensory details. Accordingly they should not show such a relation between age and reversal dynamics.

Methods {#sec007}
=======

Participants {#sec008}
------------

21 Asperger (AS) participants and 17 healthy control participants were tested in this study. Control participants were selected to match the AS participants in age (± 3 years) and gender. All participants had German school education comparable to junior high school or high school. Due to technical reasons only 19 AS participants (mean age = 41.3, SD = 10.7; 6 females) and 16 controls (mean age = 38.8, SD = 11.5, 6 females) entered the analysis.

All participants completed the autism-spectrum questionnaire "AQ" \[[@pone.0189197.ref034]\] and the empathy questionnaire "EQ" \[[@pone.0189197.ref035]\]. In the AQ, AS observers scored above 34 (Mean = 43.1; SD = 5) and the control observers scored below 28 (Mean = 15.1; SD = 5.5). The EQ scores showed the reverse picture---high scores in the control group (Mean = 43.3; SD = 8.2; Min = 29) and low scores in the AS group (Mean = 14.2; SD = 6.3; Max = 28).

All participants had a normal or corrected-to-normal visual acuity. All participants gave their informed written consent. The capacity of all autistic patients to consent had been verified in the context of the psychiatric examination by a consultant psychiatrist. The study was performed in accordance with the ethical standards laid down in the Declaration of Helsinki \[[@pone.0189197.ref036]\] and was approved by the ethics board of the Albert-Ludwigs-Universität Freiburg, Germany.

Clinical diagnostics {#sec009}
--------------------

At the Division of Psychiatry and Psychotherapy, University Medical Center Freiburg, the clinical diagnosis of autism spectrum disorders and AS is established as a consensus diagnosis of a multiprofessional team following the recommendations of the NICE guidelines (National Institute for Health and Clinical Excellence: Autism in Adults: full guideline (<https://www.nice.org.uk/guidance/cg142/evidence/full-guideline-pdf-186587677>)). "The Guideline development group identified a number of key components that should form the basis of any comprehensive assessment of an adult with possible autism, as follows xx:

-   the core symptoms of autism including social-interaction and social-communication difficulties, and stereotypic behaviour

-   early developmental history

-   behavioural problems

-   the impact on current functioning including personal and social functioning, educational attainment and employment

-   past and current history of mental and physical disorders

-   other neurodevelopmental conditions.

Wherever possible this assessment should be supported by direct observation of the person's behaviour." (NICE 2012 page 131).

At the center named above, the diagnostic principles are realized in a structured way. The clinical diagnosis includes a thorough history of the patient following the above principles, a history of carriers (parents, partners, siblings etc.) and behavioral observations in a diagnostic process that usually takes several sessions. Psychometric tools like AQ \[[@pone.0189197.ref034]\], EQ \[[@pone.0189197.ref035]\], Australian Scale for Asperger's Syndrome (ASAS, \[[@pone.0189197.ref037]\]), SRS \[[@pone.0189197.ref038]\], BVAQ \[[@pone.0189197.ref039]\], and BDI \[[@pone.0189197.ref040]\] are obtained in a routine procedure prior to clinical assessment and are used also for differential diagnostics. Additionally, instruments like ADI-R \[[@pone.0189197.ref041]\] and ADOS \[[@pone.0189197.ref042]\] are applied in selected and unclear cases. The same is true for additional neuropsychological tests assessing executive and theory-of-mind capacities. The multiprofessional diagnostic team consists of three experienced senior consultant psychiatrists and two fully qualified senior psychologists. The final consensus diagnosis is made by all persons involved in the diagnostic process, which will invariably include at least two experienced consultant psychiatrists or psychologists.

Stimuli {#sec010}
-------

We presented Necker lattices (a combination of nine Necker cubes, [Fig 1](#pone.0189197.g001){ref-type="fig"}, left) with 5.5° x 6.5° horizontal and vertical visual angle as ambiguous stimuli. The lattice edges were white (173 cd/m^2^) on a dark background (0.3 cd/m^2^). The lattice stimuli were created with a Macintosh G4 computer and displayed on a Philips GD 402 monochrome CRT screen at a refresh rate of 85 Hz.

Experimental paradigm {#sec011}
---------------------

An ambiguous Necker lattice ([Fig 1](#pone.0189197.g001){ref-type="fig"}, left) was presented continuously for 5 minutes and participants indicated perceived orientation reversals between the from-above-perspective ("fap", [Fig 1](#pone.0189197.g001){ref-type="fig"} middle) and the from-below-perspective ("fbp", [Fig 1](#pone.0189197.g001){ref-type="fig"} left) by two different keys. A third key indicated periods with no clear perceptual interpretation.

Data analysis {#sec012}
-------------

We compared reversal rates (the number of spontaneous perceptual reversals per minute, [Fig 2](#pone.0189197.g002){ref-type="fig"}) between observer groups with a Mann-Whitney-U test.

![Reversal rates.\
Median reversal rates (reversals per minute), interquartile range (boxes) and 90%-tile (antennas) for control (blue) and Asperger (red) participants. Notice that the lower quartile and 90-percentile of the Asperger data fall together.](pone.0189197.g002){#pone.0189197.g002}

We further calculated separate dwell times (the median durations of temporally stable percepts between reversals) for the two perceptual interpretations (fap and fbp). Reaction times to exogenously induced reversals of disambiguated lattice variants ([Fig 1](#pone.0189197.g001){ref-type="fig"}, middle and right figures) are in the range of 500 ms ± 100 ms \[[@pone.0189197.ref010]\]. We thus took 300 ms as lower bound estimates for dwell times. In rare cases participants pressed two times in succession the same key. This may have happened either by accident or because participants forgot to press a key related to a perceptual reversal. The related data may confound true dwell times and were thus removed before analysis.

It is known that the inter-individual variability in reversal rates (and thus dwell times) is considerably large (e.g., \[[@pone.0189197.ref011]\]). We removed parts of this variance by dividing the individual dwell times by the individual median dwell time over both perceptual variants. We then compared the normalized median dwell times for the fap interpretation and the fbp interpretation separately for Asperger and control observers by applying Wilcoxon tests. For this analysis participants with less than at least five dwell time values per perceptual interpretation within the 5 min observation period were removed. This resulted in 11 Asperger participants and 14 control participants. In order to visualize differences concerning the perceptual bias, we created distributions and gamma function fits of the cumulated dwell times separately for each perceptual interpretation and group ([Fig 3](#pone.0189197.g003){ref-type="fig"}).

![Dwell time distributions.\
Distributions of the normalized dwell times, separately for the two observer groups (left: ASD patients with red traces and icons; right: control participants with blue traces and icons) and for the two perceptual interpretations. Filled circles correspond to fap (from-above-perspective) data, continuous lines depict the corresponding gamma fits. Open circles correspond to fbp (from-below-perspective), the dotted lines depict the corresponding gamma fits. Differences in ordinate scaling result from the different number of participants and thus data points entering in the two distributions.](pone.0189197.g003){#pone.0189197.g003}

Finally, we calculated correlation coefficients between age and reversal rates for the two groups.

Results {#sec013}
=======

Reversal rates {#sec014}
--------------

We found fewer perceptual reversals for Asperger observers compared to normal controls (p = 0.016, Wilcoxon Test, [Fig 2](#pone.0189197.g002){ref-type="fig"} and [Table 1](#pone.0189197.t001){ref-type="table"}). Particularly, six out of 19 Asperger observers (32%) did not report a single perceptual reversal within the 5 minutes presentation time.

10.1371/journal.pone.0189197.t001

###### Perceptual dynamics.

![](pone.0189197.t001){#pone.0189197.t001g}

                                                                            Control Observers   Asperger Observers
  ------------------------------------------------------------------------- ------------------- --------------------
  Median Reversal Rates and Interquartile Ranges \[reversals per minute\]   5 (3.7--6.9)        1.8 (0--5.1)
  Median Dwell Times (fap) and Interquartile Ranges \[seconds\]             3.4 (3.1--4.1)      3.8 (3.3--4.9)
  Median Dwell Times (fbp) and Interquartile Ranges \[seconds\]             3 (2.5--3.4)        3.7 (2.3--5.6)
  Number of participants with zero reversals                                0                   6
  Number of participants with undefined percepts                            1                   5
  Total number of periods with undefined percepts                           8                   20

Five AS-patients and one control person indicated periods of undefined percepts: One Asperger patient indicated one period of an undefined percept, one Asperger observer indicated three, two Asperger observers indicated six and finally one Asperger observer indicated 10 such periods. In contrast only one normal control observer indicated 8 periods of an undefined percept.

Dwell times {#sec015}
-----------

Normal control participants showed significantly longer median dwell times for the fap than for the fbp (p \< 0.03, Wilcoxon Test), reflecting the perceptual bias in favour of the fap. No such difference between median dwell times was found for the Asperger patients. This result is supported by [Fig 3](#pone.0189197.g003){ref-type="fig"}, which displays the gamma fits of dwell time distributions separately for Asperger (red traces) and control observers (blue traces) and for the two percepts (continuous line: fap; dotted line: fbp). In the case of the normal observers the mode of the gamma fit (peak) from the fap data is at higher dwell times compared to the fbp mode. Further, the fap gamma fit indicates a larger number of longer dwell times than the fbp gamma fit (at higher abscissa values the continuous line is above the dotted line). In the case of Asperger patients, in contrast, the gamma fit traces for the two perceptual interpretations are almost identical.

Age and reversal rate {#sec016}
---------------------

Our control participants show a positive relation between age and reversal rate ([Fig 4](#pone.0189197.g004){ref-type="fig"}, right; r~Pearson~ = 0.6 \[0.42\], p \< 0.01 \[0.05\]; r~Spearman~ = 0.59 \[0.44\], critical value = 0.52 \[0.51\]; data in brackets represent the statistics with the outlier, indicated by a black circle). No such relation is visible in the Asperger patients' data ([Fig 4](#pone.0189197.g004){ref-type="fig"}, left).

![Relation between reversal rate and age.\
Relation between participants' age and reversal rates of the Necker lattice. Left: Individual ASD patients in red; right: individual control participants in blue. There is no significant relation between Asperger observers' age and their reversal rate. Control observers, in contrast, show an increase in reversal rates with age. Dotted lines represent regression lines.](pone.0189197.g004){#pone.0189197.g004}

Discussion {#sec017}
==========

In the present study Asperger patients and healthy controls observed the ambiguous Necker lattice and indicated perceived orientation reversals by key press. We found fewer reversals in Asperger observers compared to healthy controls. In particular about 32% of the Asperger observers perceived no single reversal within the five minutes observation time, whereas all healthy controls perceived at least three reversals.

In our control participants we found the well-known a priori bias during perception of Necker stimuli with longer dwell times for the from-above-perspective (fap) compared to the from-below-perspective (fbp). No such perceptual bias was observed for the Asperger observers.

Finally, we found more reversals and thus increasing perceptual instability with increasing age of the control participants. No relation between reversal rate and age was observable in the Asperger participants.

Differences in reversal rates and dwell times between groups {#sec018}
------------------------------------------------------------

Perceptual interpretations in autistic observers are dominated by small sensory details, whereas they have difficulties to integrate spatial context (e.g., \[[@pone.0189197.ref004]\]) and prior perceptual experiences (here labelled as perceptual memory, e.g., \[[@pone.0189197.ref005],[@pone.0189197.ref006]\]). Evidence for this comes from visual illusion examples, where perceptual memory leads to erroneous interpretations in healthy subjects (e.g., \[[@pone.0189197.ref043]\]), whereas autistic observers are less susceptible to such illusions \[[@pone.0189197.ref007],[@pone.0189197.ref008]\].

We interpret our current results as follows: The a priori incomplete, noisy and to varying degrees ambiguous sensory information is weighted with memorized concepts in order to construct stable and reliable percepts. During observation of an ambiguous stimulus, like the Necker lattice in our experiment, the exogenous physical information stays constant during observation. Several theoretical approaches thus assume endogenous neural fluctuations ("endogenous noise") and a crossing of a certain threshold every now and then may cause perceptual alternations between the different interpretations \[[@pone.0189197.ref044]--[@pone.0189197.ref046]\].

Perception in Asperger observers is characterized by an underweight of endogenous perceptual memory factors, and an overweight of exogenous sensory input. They thus seem to see the world more "objectively", which may be disadvantageous in many situations but it may sometimes also be advantageous \[[@pone.0189197.ref047],[@pone.0189197.ref048]\].

During observation of the ambiguous Necker lattice, this weight imbalance may result in a reduction or even elimination of the long-term memory bias in our Asperger observers. Further, endogenous noise may also be less influential during perception of the Necker lattice in Asperger compared to control observers, which may result in the observed difference in reversal rates.

Age-related change of the reversal dynamics in the literature {#sec019}
-------------------------------------------------------------

Several studies on age-related differences in the perceptual dynamics of ambiguous figures report either a negative correlation between reversal rates and age \[[@pone.0189197.ref049],[@pone.0189197.ref050]\] or an inverted-U pattern, i.e. positive correlation for early ages and negative correlation for older ages \[[@pone.0189197.ref051],[@pone.0189197.ref052]\]. The data in the current study, in contrast, point to more reversals with increasing age. How can this discrepancy be explained?

Of course, one important factor is the different age ranges of the participants between studies. Another important factor may be the observation time of the ambiguous figures, which was below two minutes in all the above-cited studies: Early work on the reversal dynamics during perception of ambiguous figures indicate the existence of a setting phase, which can last up to 3 minutes and during which the reversal rate increases (e.g., \[[@pone.0189197.ref031]--[@pone.0189197.ref033]\]). It may well be possible that the duration of such an initial setting phase may increase with age. The influence of the setting phase, and particularly its duration, on reversal rates is larger, the shorter the observation sequence is. We thus presented our ambiguous lattice stimuli for 5 minutes in order to get a more reliable estimate of reversal rates and at the same time more data points to estimate dwell time distributions.

Age-related change of the reversal dynamics in the present study {#sec020}
----------------------------------------------------------------

At the time point of birth, we have little perceptual memory. Perception is thus almost entirely based on what enters through our senses. During our lives there is a continuous accumulation of perceptual experiences, many of them stored in our memories. At the same time the efficacy of our sensory organs decreases with age (e.g. cataract, senile miosis, \[[@pone.0189197.ref053]\]). Based on these considerations we can assume that the weighting between sensory evidence and memorized perceptual concepts changes over lifetime from an initial overweight of exogenous factors to an overweight of endogenous factors with increasing age. Concurrently the impact of endogenous fluctuations during Necker lattice perception may be amplified with increasing age, resulting in less stable percepts and thus an increasing reversal rate.

We currently postulate that autistic persons do not (or to a lesser degree) underlie the age-related change of weighting between bottom-up and top-down factors during perception, as observed in healthy participants. As a consequence they don't show the correlation between reversal rate and age. Of course, this hypothesis has to be further tested in subsequent experiments.

Summary and outlook {#sec021}
===================

Our findings of lower reversal rates and an absence of the bias during perception of the Necker lattice are in agreement with the observed dominance of bottom-up over top-down influence during the perceptual process in patients with autism spectrum disorder. A newly developed experimental paradigm that uses ambiguous figures and disambiguated versions in healthy observers, allowed us recently to quantify top-down contributions of long-term and shorter-term memory to the perceptual disambiguation \[[@pone.0189197.ref019],[@pone.0189197.ref054]\]. As a next step we will apply this paradigm to our Asperger observers in order to look for quantitative estimates to the qualitative findings from the present study.

Our findings concerning the correlation between observers' age and their reversal dynamics are of particular interest for the following reasons. Asperger patients seem to be less affected by this kind of age related modification of perception. Aging of our sensory organs is the most often discussed explanation for age-related changes in perception, however, this can be ruled out for the present effect, because Asperger patients' senses underlie the same aging processes as healthy controls. This is another interesting topic for further research.

In the current study we used the geometric Necker lattice as an ambiguous figure, where ambiguity concerns the interpretation of figure depth. We expect the same results with the simpler Necker cube, but this has to be shown in a separate study. Further, there are other well-known ambiguous figures, where ambiguity concerns different visual categories, like motion (e.g., von Schiller's Stroboscopic Alternative Motion display, \[[@pone.0189197.ref055]\]) or more semantic aspects, like Boring's Old/Young Woman stimulus \[[@pone.0189197.ref056]\]. One of our next steps is thus to study the multistable perception dynamics of patients with different types and complexity levels of stimulus ambiguity, e.g. concerning the emotional expression of a face \[[@pone.0189197.ref057]\].

Overall, our results indicate that the topic of multistable perception provides new insights into patterns of altered perception in autistic patients. At the same time such patient studies provide new insights concerning basic mechanisms of visual perception, like cognitive aspects of perceptual aging.

Supporting information {#sec022}
======================

###### Reversal rate and stability duratin raw data.

"FB" = lattice front side bottom right;

"FT" = lattice front side top left;

line 4: Header labeling the individual participants with \"GX_RR\" or \"FX_RR\": \"G\" = control participants; \"F\" = Asperger patients; \"X\" substitute for letters from \"A\" to \"V\", coding individual participants in the two groups;

"RR": shortcut for "reversal rates";

line 5: individual reversal rate values from 5 minutes Necker lattice observation;

line 8: \"GX_FB\" or \"GX_FT\" or \"FX_FB\" or \"FX_FT\": \"GX\" and \"FX\" coding of the individual participants from the control and Asperger groups, as explained above; \"FT\": header for stability duration of the front-side top left lattice percept; \"FB\": header for stability duration of the front-side bottom right lattice percept; subsequent rows (9ff): stability duration data in milliseconds.

(XLSX)

###### 

Click here for additional data file.
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